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Interactions between dendritic cells and Mycobacterium tuber-
culosis, the aetiological agent of tuberculosis in humans, are
thought to be central to anti-mycobacterial immunity. We have
previously shown that M. tuberculosis binds to human monocyte-
derived dendritic cells mostly through the C-type lectin DC-
SIGN (dendritic-cell-specific intercellular molecule-3-grabbing
non-integrin)/CD209, and we have suggested that DC-SIGN may
discriminate between mycobacterial species through recognition
of the mannose-capping residues on the lipoglycan lipoarabino-
mannan of the bacterial envelope. Here, using a variety of fast- and
slow-growing Mycobacterium species, we provide further evi-
dence that mycobacteria recognition by DC-SIGN may be re-
stricted to species of the M. tuberculosis complex. Fine analyses
of the lipoarabinomannan molecules purified from these species
show that the structure and amount of these molecules alone can-

not account for such a preferential recognition. We propose that
M. tuberculosis recognition by DC-SIGN relies on both a potential
difference of accessibility of lipoarabinomannan in its envelope
and, more probably, on the binding of additional ligands, possibly
including lipomannan, mannose-capped arabinomannan, as well
as the mannosylated 19 kDa and 45 kDa [Apa (alanine/proline-
rich antigen)] glycoproteins. Altogether, our results reveal that
the molecular basis of M. tuberculosis binding to DC-SIGN is
more complicated than previously thought and provides further
insight into the mechanisms of M. tuberculosis recognition by the
immune system.
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INTRODUCTION

Among APCs (antigen-presenting cells), DCs (dendritic cells) are
thought to play a central role in immunity against Mycobacterium
tuberculosis, the aetiological agent of TB (tuberculosis) in humans
[1,2]. It has recently been shown that M. tuberculosis binds to
human monocyte-derived DCs through the C-type lectin DC-
SIGN (dendritic-cell-specific intercellular molecule-3-grabbing
non-integrin)/CD209 almost exclusively [3–5]. By contrast, the
receptors involved in M. tuberculosis binding to macrophages,
namely the complement receptors and the mannose receptor,
played only minor roles, if any, in binding of the tubercle bacillus
to DCs, although they were expressed by the cells. Furthermore,
we have shown that DC-SIGN was expressed in pulmonary DCs
from human lung parenchyma, and that mycobacterial antigens
could be detected in DC-SIGN-expressing DCs in lymph-
node biopsies from patients with TB, strongly suggesting that
M. tuberculosis interactions with DC-SIGN occur in vivo during
the course of TB [5].

The ability of DC-SIGN to form tetramers appears to be a key
feature of its lectin activity [6,7]. Among carbohydrates, DC-

SIGN has high affinity for mannose-rich oligosaccharides [8,9].
The envelope of mycobacteria is exceptionally rich in manno-
conjugates, including glycolipids, lipoglycans and glycoproteins.
Binding of DC-SIGN to M. tuberculosis was fully inhibited
by ManLAM [mannose-capped LAM (lipoarabinomannan)], an
abundant lipoglycan of the mycobacterial envelope, suggesting
that ManLAM may constitute a DC-SIGN ligand of the bacillus
[5]. Moreover, terminal mannose caps are critical for ManLAM
binding to DC-SIGN [10,11], which may explain why DC-
SIGN recognizes the slow-growing ManLAM-containing species
M. tuberculosis [5] and M. bovis bacillus Calmette-Guérin
(‘BCG’) [5,12], but not the fast-growing mycobacterial species
M. smegmatis, M. fortuitum and M. chelonae [10], in which the
LAM is either capped with phosphoinositide motifs (PILAM) or
not capped (AraLAM) [13–15]. Altogether, these results led us to
suggest that DC-SIGN may discriminate between mycobacteria
species through recognition of the mannose caps on the LAM
molecules [10].

Unexpectedly, we report here that other slow-growing myco-
bacteria not belonging to the TB complex, namely M. marinum,
M. avium, M. kansasii, M. xenopi and M. gordonae, bind to
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DC-SIGN as poorly as fast-growing species do. The exact struc-
ture of the mannose-capping moieties in LAMs from M. marinum,
M. kansasii, M. xenopi and M. avium as well as the ability of
these LAMs to inhibit the binding of M. tuberculosis to DC-
SIGN were determined. Altogether our results strongly suggest
that ManLAM is most likely not the (only) DC-SIGN ligand
within the M. tuberculosis cell envelope, although ManLAM may
be differentially accessible in the cell wall of M. tuberculosis
complex species as compared with in that of other slow-
growing species. We also suggest that additional ligands, possibly
including LM (lipomannan) and the mannose-containing 19 kDa
and 45 kDa glycoproteins, might participate in M. tuberculosis
binding to DC-SIGN, which may account for the restricted ability
of the lectin to recognize M. tuberculosis and close relatives of the
TB complex. Altogether, our results uncover an as yet unsuspected
complexity in mycobacteria recognition by the innate immune
system, and stresses the great care that has to be taken when
using purified molecules to identify the ligands responsible for
microbial binding to immune receptors.

MATERIALS AND METHODS

Cells, mycobacteria and binding assays

HeLa and HeLa::DC-SIGN cells [16] were cultured in RPMI
1640 (Invitrogen) supplemented with 10% (v/v) foetal-calf serum
(Dutscher, Brumath, France). Mycobacterial strains were cultiv-
ated as pellicles in 7H9 medium supplemented with 10% ADC
(albumin/dextrose/catalase; Difco) at the appropriate temperature.
Binding and inhibition of binding experiments were performed
using previously published procedures [5,10]. In particular, bac-
teria were passaged 20 times through a needle [26-gauge; 3/8
in (0.95 cm); 0.45 mm × 10 mm; for intradermal injection; BD
Biosciences] to minimize clumping. After such treatment, clump-
ing was comparable between species. Species with the highest
tendency to form clumps included species of the TB complex,
as well as M. marinum, M. xenopi and M. kansasii. Therefore
differences in binding to DC-SIGN cannot be attributed to differ-
ential clumping between species. A 19-kDa-glycoprotein-null
mutant of M. tuberculosis H37Rv [17] was cultivated in the
presence of 50 µg/ml hygromycin. Two 45 kDa [Apa (alanine/
proline-rich antigen)]-null mutants of M. tuberculosis H37Rv
were generated by classical allelic exchange procedures [18]
and were cultivated in the presence of 20 µg/ml kanamycin.
Briefly, a pUC18-derived plasmid (pLA34.2) containing a 2 kb
DNA fragment encompassing the apa gene [19] was digested
by KpnI, blunt-ended using T4 DNA polymerase, and dephos-
phorylated using calf intestinal phosphatase (all enzymes from
Invitrogen). The pUC4K plasmid, containing the aph (amino-
glycoside phosphotransferase) gene encoding resistance to kana-
mycin, was digested with HincII in order to extract the aph
gene. The kanamycin cassette was cloned into digested pLA34.2
using T4 DNA ligase, creating an insertion of aph into the apa
gene. Ligated vectors were subsequently digested with EcoRI
and BamHI in order to extract the aph::apa fusion fragment,
which was subsequently blunt-ended and dephosphorylated as
described above for cloning into a SmaI-digested pXyl4 plasmid.
Ligation allows the fusion between aph::apa and the xylE gene
for selection of transformants [18]. The resulting plasmid was
then digested by BamHI in order to extract the aph::apa::xylE
fragment that was subsequently cloned into BamHI-digested and
dephosphorylated pPR27 vector [18]. Using previously described
procedures [18], this vector was used to generate apa-deficient
strains of M. tuberculosis H37Rv. Inactivation of the apa gene
in the selected strains was verified by PCR using an oligo-

nucleotide (Kmout) that is present as an inverted repeat at the
3′ and 5′ ends of the aph insertion gene, together with flanking
primers [45Fd (45 forward) and 45Rv (45 reverse)] in the apa se-
quence. Kmout: 5′-CCCCCCCCCCCCTGCAG-3′; 45Fd: 5′-AT-
GCATCAGGTGGACCCCAAC-3′; 45Rv: 5′-GAATCCTCCA-
ACCGGGTTGT-3′. The size and sequence of the amplification
products were as expected (results not shown). M. smegmatis ex-
pressing 19 and 45 kDa glycoproteins were obtained by trans-
forming M. smegmatis mc2155 with pSMT3-19 [20] and pLA34.2
[19] plasmids respectively. Bacteria were grown in medium con-
taining the appropriate antibiotics.

LAM purification and mannose caps and fatty acid analyses

LAM molecules were purified as previously described [21,22].
Briefly, the cells were de-lipidated by several extractions with
chloroform/methanol (1:1, v/v). De-lipidated cells were disrupted
by sonication. The cellular glycans and lipoglycans were further
extracted by refluxing the broken cells in 50% ethanol at 65 ◦C.
Contaminating proteins and glucans were removed by enzymatic
degradation using proteases and α-amylase treatments followed
by dialysis. The resulting extract was submitted to hydrophobic-
interaction chromatography on an octyl-Sepharose CL-4B column
(Amersham Biosciences), allowing the separation of glycans and
lipoglycans. The resulting lipoglycans, LAM, LM and PIMs
(phosphatidylinositol mannosides), were separated according to
their size by gel-permeation chromatography using a Bio-Gel
P-100 column (Bio-Rad). Mannose caps were analysed and quan-
tified by CE-LIF (capillary electrophoresis–laser-induced fluor-
escence) after mild acid hydrolysis of LAM and APTS (1-amino-
pyrene-3,6,8-trisulphonate) derivatization as previously described
[23]. Fatty acids were analysed by GC and GC/MS, as methyl
esters derivatives, after alkaline hydrolysis of LAM and
methylation using 10% (w/w) BF3 in methanol [22].

Biotin hydrazide labelling of purified LAM and LM

A 10 µg portion of LAM or LAM plus LM mixture were dissolved
in 30 µl of 0.1 M ammonium acetate buffer, pH 5.5 (buffer A),
containing 1 mM sodium metaperiodate (Merck) and incubated at
4 ◦C in the dark. The reaction was stopped by the addition of 10 µl
of 80 mM sodium bisulphite (Sigma) in buffer A. After 5 min
incubation at room temperature, 20 µl of buffer A containing
5 mM biotin hydrazide (Sigma) was added. The reaction was
stopped by dialysis against water, and biotinylated lipoglycans
were dried under vacuum.

Biotin hydrazide labelling of mycobacteria

Surface-exposed oxidizable carbohydrates were labelled with
biotin hydrazide after periodate oxidation [24]. Around 3 g (wet
weight) of fresh cell cultures was washed twice with PBS and
resuspended in 5 ml of 0.1 M sodium acetate buffer, pH 5.5 (buffer
B), containing 15 mM sodium metaperiodate (Merck). After a
20 min incubation at 4 ◦C in the dark with gentle rotation, 5 ml
of buffer B containing 30 mM sodium bisulphite (Sigma) was
added to stop the reaction. After 5 min incubation, oxidized cells
were centrifuged and resuspended in 10 ml of buffer B containing
5 mM of biotin hydrazide (Sigma). After a 2 h incubation at room
temperature with gentle rotation, cells were washed three times
with PBS. Bacterial viability after treatment was determined by
counting colony-forming units on Middlebrook 7H11 (with oleic
acid/ADC supplement; Difco) agar plates using mycobacteria
grown with shaking in 7H9 medium/ADC/Tween 80, and was
shown to be about 98%.
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SDS/PAGE and Western blot

Lipoglycans were purified (see above) from biotin hydrazide-
labelled bacteria and untreated bacteria. The fractions containing
pure lipoglycans were analysed by SDS/PAGE (8 µg of each
fraction), followed by periodic acid/AgNO3 staining [25] or
Western blotting on to nitrocellulose. After transfer of lipoglycans
for 1 h at 15 V, Western blots were probed with alkaline phos-
phatase-conjugated avidin (Sigma). Nitrocellulose membrane was
blocked for 2 h at room temperature with 4% BSA, 0.2% Tween
20 in TBS (Tris-buffered saline). After extensive washing with
1% BSA and 0.05% Tween 20 in TBS, the membrane was incu-
bated with alkaline phosphatase-conjugated avidin (1:17000 in
TBS) for 2 h at room temperature. After extensive washing,
alkaline phosphatase activity was detected by addition of 165 µg/
ml 5-bromo-4-chloroindol-3-yl phosphate (‘BCIP’; Promega) and
330 µg/ml NitroBlue Tetrazolium (‘NBT’; Promega) in 0.1 M
Tris/HCl buffer containing 5 mM MgCl2 and 0.1 M NaCl, pH 9.6.
Biotinylated BSA (0.1 µg; Sigma) and in vitro biotinylated
M. xenopi LAM (5 µg) and M. bovis BCG LAM/LM (5 µg) were
used as positive controls.

ELISA

The different lipoglycans (300 ng/50 µl) obtained from biotin
hydrazide-labelled bacteria and untreated bacteria in two in-
dependent experiments were adsorbed in the wells of microtitre
plates (Nunc) by air drying at room temperature. The wells
were blocked for 2 h at 37 ◦C with 5% (w/v) BSA and 0.2%
Tween 20 in TBS, then extensively rinsed with washing buffer
(0.5% BSA/0.02% Tween 20 in TBS). A 100 µl portion of
monoclonal CS-35 anti-LAM antibody (1:1000 in washing buffer)
or rabbit anti-BCG serum (1:500 in washing buffer) or alkaline-
phosphatase-conjugated avidin (1:1000 in washing buffer) was
added for 2 h at 37 ◦C. After extensive washing, 100 µl of alkaline-
phosphatase-conjugated polyvalent anti-mouse IgGs (Sigma;
1:3000 in washing buffer) was added in wells containing anti-
LAM antibody, and 100 µl of alkaline-phosphatase-conjugated
mouse monoclonal anti-rabbit IgGs (clone RG16; Sigma; 1:5000
in washing buffer) in those wells containing anti-BCG serum.
After incubation at 37 ◦C for 2 h and extensive washing, alkaline
phosphatase activity was detected by addition of 100 µl of
1 mg/ml p-nitrophenyl phosphate in 0.1 M Tris/HCl buffer,
containing 5 mM MgCl2/0.1 M NaCl, pH 9.6.

Flow cytometry

Bacteria were washed twice in PBS containing 2 % (v/v) FCS
(fetal-calf serum), resuspended in the same buffer containing
CS-35 anti-LAM mouse monoclonal antibody (1:10) and incu-
bated for 1 h at 4 ◦C. Bacteria were then washed three times in
PBS/FCS, resuspended in the same buffer containing fluorescent-
dye-Cy3-conjugated goat anti-mouse antibodies (Amersham;
1:100), and incubated for 1 h at 4 ◦C. After three washes in PBS/
FCS, bacteria were analysed for red fluorescence by flow cyto-
metry. A total of 10000 bacteria were acquired per sample.

RESULTS

Mycobacteria binding to DC-SIGN

Previous studies have demonstrated that DC-SIGN recognizes
slow-growing M. tuberculosis as well as its close relative, the vac-
cine strain M. bovis BCG, but not the non-pathogenic fast growing
species M. chelonae, M. fortuitum and M. smegmatis [5,10,12].
These results arose from binding experiments performed at 4 ◦C
using recombinant HeLa cells expressing or not expressing the

lectin. In the present study we used the same experimental assay
to evaluate whether other non-TB slow-growing mycobacterial
species (Figure 1A) could bind to DC-SIGN. In accordance
with our previous results, fast-growing mycobacterial species
(M. chelonae, M. smegmatis and M. fortuitum) bound poorly
to DC-SIGN-expressing HeLa cells as compared with non-
transfected cells (Figure 1B). By contrast, species of the TB
complex (M. bovis BCG and clinical isolates of M. tuberculosis,
M. bovis, and M. africanum) bound to DC-SIGN-expressing
HeLa cells up to 11-fold more than to non-recombinant HeLa
cells (Figure 1B). Surprisingly all the other slow-growing non-
TB complex species we tested (clinical isolates of M. marinum,
M. kansasii, M. avium, M. xenopi and M. gordonae) bound to
DC-SIGN as poorly as the fast-growers did (Figure 1B). Similar
results were obtained using laboratory strains of mycobacteria
(results not shown). These results suggested that: (i) the struc-
ture of the ManLAM molecules, especially the presence and
number of terminal mannose caps, could differ among slow-
growers, resulting in a lower affinity for DC-SIGN, and/or that
(ii) ManLAMs could be differentially exposed on the surface
of the various species, and/or that (iii) additional TB complex-
specific ligands could be the natural DC-SIGN ligands within the
M. tuberculosis envelope. The rest of the present study aims at
assessing these non-mutually exclusive hypotheses.

LAM structure and ability to bind to DC-SIGN

It has previously been demonstrated that both the acyl chains and
the mannose caps played a crucial role in DC-SIGN/ManLAM
interaction in vitro [10]. The results above may suggest that
LAM molecules are differentially capped among slow-growing
species. LAM molecules were purified from M. tuberculosis
H37Rv, M. bovis BCG, and the clinical isolates of M. avium,
M. marinum, M. xenopi and M. kansasii that were used in the bind-
ing assay above. All the four last-named species contained LAM
with a similar SDS/PAGE migration pattern to that of M. tuber-
culosis H37Rv or M. bovis BCG ManLAMs (results not shown).
They were first analysed for their mannose-cap content. All the
LAMs were ManLAMs, since they contained the typical manno-
oligosaccharide units found in M. tuberculosis or M. bovis BCG
ManLAMs, i.e. mono-, (α1 → 2)-di- and (α1 → 2)-tri-mannosyl
units [25–27] (Figure 2). All the ManLAMs possessed a total
number of caps that was at least as high as that found for M. tuber-
culosis ManLAM (Figure 2). So, even if the number of caps
may vary from one batch of LAM to another, it was clear that
none of the investigated mycobacteria had a LAM significantly
less capped than that of M. tuberculosis. Dimannoside units were
the most abundant motifs in M. tuberculosis and M. bovis BCG
ManLAMs, as previously reported [23], but also in M. avium and
M. xenopi ManLAMs. Trimannoside units were always the less
abundant motifs, but, surprisingly, ManLAMs from M. kansasii
and M. marinum had the monomannoside motif as abundant as,
or more abundant in the latter case, than the dimannoside one
(Figure 2). We then analysed the fatty acid contents of the
various ManLAMs after alkaline hydrolysis. They all showed
a similar acylation pattern, i.e. containing palmitic and tuber-
culostearic acids as the main fatty acids, with stearic and octa-
decenoic acids being present in smaller amounts, except in
M. marinum ManLAM, which contained these latter fatty acids
in higher amounts than tuberculostearic acid (results not shown).
Altogether, the structural analysis of the caps and MPI (man-
nosylphosphatidyl-myo-inositol) domains of ManLAMs from
M. avium, M. marinum, M. xenopi and M. kansasii did not reveal
any dramatic structural difference that would predict inability of
these molecules to bind to DC-SIGN.
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Figure 1 DC-SIGN has high affinity for species of the M. tuberculosis complex

(A) Phylogenetic tree of the mycobacteria species used in the present study, based on partial 16 S RNA sequences. (B) Epithelial HeLa-derived cells expressing or not DC-SIGN (HeLa::DC-SIGN
and HeLa respectively) were infected with fast-growing (M. chelonae, M. smegmatis, M. fortuitum), slow-growing non-TB (M. marinum, M. kansasii, M. avium, M. xenopi, M. gordonae) or TB
complex (M. tuberculosis H37Rv, M. bovis, M. bovis BCG, and M. africanum) species at a multiplicity of infection of 1 bacterium/cell. Bacterial binding was evaluated after 4 h at 4◦C by counting
colony-forming units. Results are means (+−S.D.) of the ratio between binding to HeLa::DC-SIGN and binding to HeLa for three to five independent experiments. A ratio of 1 (dotted line) indicates
no binding to the lectin.

We nevertheless investigated the potency of the different
purified ManLAMs, as compared with M. tuberculosis ManLAM,
to inhibit M. tuberculosis binding to DC-SIGN. All the
ManLAMs, when used in a concentration range of 1–10 µg/ml,
inhibited M. tuberculosis binding to DC-SIGN to comparable
extents (Figure 3). Similar results were obtained with ManLAM
purified from laboratory strains of mycobacteria (results not
shown). In conclusion, the inability of the non-TB slow-growers
to bind to DC-SIGN was not a result of the presence of LAM mol-
ecules with lower affinity for the receptor within their envelope.

LAM accessibility to the mycobacterial cell surface

Since the structure of LAMs and their affinity for the receptor do
not account for the differential ability of the various non-TB slow-
growers to bind to DC-SIGN, we next sought to determine whether
differential exposition of the lipoglycans on the mycobacterial
surface could explain this phenomenon. To investigate the pres-
ence of ManLAM on the mycobacterial cell surface, surface-

exposed carbohydrates were labelled with biotin hydrazide after
periodate oxidation of the cells [24,28], and subsequently purified
ManLAMs were assessed for biotin tagging. The experiments
were first carried out and tested on M. bovis BCG, a species
that binds to DC-SIGN. Biotin labelling has been widely used to
identify cell-surface proteins or glycoconjugates [29]. However,
in order to ensure that biotin labelling was indeed restricted
to surface components of M. bovis BCG, labelled cells were
examined for their cell-wall integrity. As previously reported
[24], the bacteria retained around 98 % viability after labelling,
indicating that this treatment does not significantly affect cell
integrity (results not shown). Scanning-electron-microscopic
examination showed that the morphology of labelled bacteria was
not dramatically altered when compared with that of unlabelled
control bacteria (results not shown). Moreover, arabinogalactan,
a polysaccharide known to be imbedded in the mycobacterial cell
wall, was not tagged with biotin, in contrast with AM (arabino-
mannan), a polysaccharide known to be exposed on the cell
surface ([30]; results not shown). Altogether these data suggested
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Figure 2 ManLAMs of M. tuberculosis H37Rv, M. bovis BCG, M. avium,
M. xenopi, M. marinum and M. kansasii have similar mannose caps contents

Mannose caps were analysed and quantified by CE–LIF after mild acid hydrolysis
of LAM and APTS derivatization as previously described [23]. M, α-D-Manp; MM,
α-D-Manp-(1 → 2)-α-D-Manp; MMM, α-D-Manp-(1 → 2)-α-D-Manp-(1 → 2)-α-D-Manp.

Figure 3 ManLAMs of non-TB slow-growing mycobacteria can inhibit
M. tuberculosis binding to DC-SIGN

HeLa or HeLa::DC-SIGN cells were preincubated with 10 µg/ml ManLAM from M. tuberculosis,
M. xenopi, M. kansasii, M. avium or M. marinum, or saline (Ø) for 1 h at 4◦C and infected with
M. tuberculosis H37Rv as described in Figure 1. Bacteria binding was measured as described
in Figure 1. Data are expressed as percentages of binding relative to control values (100 %,
preincubation of HeLa::DC-SIGN cells with saline), and the means (+−S.D.) for three independent
experiments are shown. P values are given as assessed by Student’s t test comparison with
HeLa cells. NS, not significant.

that biotin labelling was restricted to the M. bovis BCG cell
surface. This approach was thus applied for the comparative ana-
lysis of ManLAM accessibility to cell-surface labelling between
bacteria with a different ability to bind to DC-SIGN. M. bovis
BCG, a bacterium able to bind to DC-SIGN, and M. xenopi, a
bacterium unable to bind to DC-SIGN, were labelled with biotin.
Labelled and control bacteria were subsequently submitted to
ManLAM purification as previously described. The lipoglycan
fractions were analysed by SDS/PAGE, followed by AgNO3

staining (Figure 4A) and contained only ManLAM and LM.
Western blotting using alkaline-phosphatase-conjugated strept-
avidin revealed two bands in both lipoglycan fractions from
biotin-labelled M. bovis BCG and M. xenopi (Figure 4B, lanes 3
and 6 respectively). These bands unambiguously corresponded to
ManLAM and LM, since they had the same migration pattern

Figure 4 Analyses of lipoglycans from control and biotin hydrazide-labelled
M. bovis BCG and M. xenopi

(A) Periodic acid/AgNO3 staining of SDS/PAGE gel. (B) Western blot probed with alkaline
phosphatase-conjugated avidin. Lanes 1 and 9, biotinylated BSA standard (0.1 µg); lanes 2
and 8, in vitro biotinylated M. bovis BCG LAM and LM standards (5 µg); lanes 3 and 4,
lipoglycans from biotin hydrazide-labelled and control M. bovis BCG respectively (8 µg);
lane 5, in vitro biotinylated M. xenopi LAM standard (5 µg); lanes 6 and 7, lipoglycans from
biotin hydrazide-labelled and control M. xenopi respectively (8 µg). (C) Quantification of biotin
hydrazide labelling by ELISA. Two independent experiments of labelling were performed on
both M. bovis BCG and M. xenopi. Portions (300 ng) of lipoglycans from labelled and control
bacteria were adsorbed on the microtitre wells and probed with alkaline phosphatase-conjugated
avidin. The absorbance values are given without correction (I) or corrected by the response to
the monoclonal CS-35 anti-LAM antibody (II) or by the response to a rabbit anti-BCG serum
(III). Abbreviation: a.u., absorbance units.
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as that of ManLAM and LM, as revealed by silver staining
(Figure 4A), and also as that of ManLAM and LM standards
labelled with biotin hydrazide (Figure 4B, lanes 2, 5 and 8). As
expected, ManLAM and LM from control cells were not revealed
(Figure 4B, lanes 4 and 7). These results showed that ManLAM
and LM from both M. bovis BCG and M. xenopi are accessible
to biotin-hydrazide labelling and are thus likely to be exposed on
the cell surface of both mycobacteria species. In order to check
whether one species could express more lipoglycans on the surface
than the other, both mycobacteria were labelled in two inde-
pendent experiments and labelling was quantified by ELISA.
Indeed the comparison of relative intensities of labelling was
hardly able to be evaluated on the glycoblots. The results are
summarized in Figure 4(C). Each lipoglycan fraction arising
from the different experiments for both bacteria was adsorbed
on the ELISA plate at the same concentration. However, in order
to take into account differences of binding between biotinylated
and native ManLAM or between ManLAM from M. xenopi and
M. bovis BCG, the intensity of labelling determined by the activ-
ity of alkaline-phosphatase-conjugated avidin was normalized
according to three different parameters: (i) the concentration of
lipoglycans loaded in the microtitre wells (uncorrected value),
(ii) the response to the monoclonal CS-35 anti-LAM antibody
and (iii) the response to a rabbit anti-BCG serum. Whatever the
type of normalization used, the hierarchy between the signals
obtained with the different lipoglycan fractions remained the
same (Figure 4C). However, the intensity of labelling from one
experiment to another for the same species was dramatically
different. The data obtained did not allow one to conclude that one
species, most particularly M. xenopi, had lipoglycans less exposed
than the other. Accordingly we next compared the exposure of
LAM epitopes at the cell surface of M. bovis BCG and M. xenopi
by flow-cytometric analysis using the monoclonal CS-35 anti-
LAM antibody. The fluorescence intensity of M. bovis BCG
cells (Figure 5A) was found to be, on average, about 2–3-fold
higher than that of M. xenopi cells (Figure 5B). These data
suggest that the epitopes recognized by the antibody, i.e. the
hexa-arabinofuranosyl motifs of the arabinan domain [31], are
significantly less exposed at the surface of M. xenopi cells. Since
this epitope is shared by ManLAM and its related glycan ManAM,
one can conclude that these two mannoconjugates are globally
less expressed at the surface of M. xenopi than they are on
the surface of M. bovis BCG. However, it seems unlikely that
this 2–3-fold decrease in ManLAM density at the surface of
M. xenopi can alone explain the inability of this species to bind
to DC-SIGN.

Other possible non-ManLAM DC-SIGN ligands

Altogether, these data would suggest that ManLAMs are not
the crucial or the only mycobacterial ligands responsible for the
different abilities of slow-growing mycobacteria to bind to DC-
SIGN. We thus wished to evaluate whether other mycobacterial
compounds, different from ManLAM, could bind to DC-SIGN
in solution and might constitute additional ligand candidates for
the lectin. The mycobacterial envelope is exceptionnally rich in
mannosylated molecules, including (lipo)glycans and (lipo)glyco-
proteins [30]. Among (lipo)glycans, when tested at 10 µg/ml,
we found that LM was able to inhibit M. tuberculosis binding
to DC-SIGN-expressing HeLa cells as efficiently as ManLAM
did, whereas ManAM was also inhibitory, but to a lesser extent
(Figure 6A). Among glycoproteins, similar results were obtained
using purified 19 and 45 kDa antigens, the latter being less ef-
ficient (Figure 6A). Altogether these results indicate that these
components bind to the lectin in solution and thus are possible

Figure 5 Flow-cytometric analysis of M. bovis BCG and M. xenopi labelling
with the monoclonal CS-35 anti-LAM antibody

M. bovis BCG (A) or M. xenopi (B) were incubated with anti-LAM monoclonal antibody CS-35,
which was revealed by fluorophore-Cy3-conjugated anti-mouse IgG antibody and analysed
by flow cytometry (‘Labelled’). Analysis was carried on 10 000 bacteria. Controls consisted
of unlabelled bacteria (‘Unlabelled’) and bacteria incubated with secondary antibody only
(‘2nd Ab’). �MFI, mean fluorescence intensity variation between CS-35-labelled bacteria and
bacteria incubated with secondary antibody only. The Figure is representative of two independent
experiments.

ligands of M. tuberculosis. Since 45- and 19-kDa-deficient mut-
ants of M. tuberculosis are available [17], we evaluated the ability
of these strains, as compared with their wild-type counterparts,
to bind to DC-SIGN. Binding of both mutants did not differ
significantly from that of the wild-type strains (Figure 6B). In
an attempt to check whether 19 and 45 kDa antigens may be
recognized by DC-SIGN in the context of a mycobacterial cell
envelope, we evaluated the ability of recombinant 19- or 45-kDa-
antigen-expressing M. smegmatis (a species that does not naturally
express these antigens) to bind to DC-SIGN-expressing HeLa
cells. Recombinant strains did not bind to the cells more efficiently
that the wild-type strain (Figure 6C). Altogether, these results
indicate that purified ManAM, LM, and 19 and 45 kDa molecules
constitute additional DC-SIGN ligand candidates within the
M. tuberculosis cell envelope, and that 19 or 45 kDa proteins
alone cannot account for mycobacterial binding to the lectin.

DISCUSSION

The results we present here reveal that the molecular bases
of DC-SIGN binding to M. tuberculosis and close relatives of
the TB complex are more complicated than previously thought.
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Figure 6 Other non-ManLAM M. tuberculosis-derived ligands can inhibit
M. tuberculosis binding to DC-SIGN

(A) HeLa or HeLa::DC-SIGN cells were preincubated with 10 µg/ml M. tuberculosis-derived
ManLAM, LM, ManAM, 19 kDa antigen, 45 kDa antigen or saline (Ø) for 1 h at 4◦C and
infected with M. tuberculosis H37Rv as described in Figure 1. Bacteria binding was measured
as described in Figure 1. Data are expressed as described in Figure 3 and represent the means
(+−S.D.) for three independent experiments. P values are given as assessed by a Student’s
t test comparison with HeLa cells. (B) HeLa::DC-SIGN and HeLa cells were infected with
45 kDa-protein-null (two strains) or 19 kDa-protein-null (one strain) mutants of M. tuberculosis,
or with their wild-type counterparts (H37Rv1 and H37Rv2). Bacterial binding was evaluated as
described in Figure 1. Data are expressed as described in Figure 1 and represent the means
(+−S.D.) for three independent experiments. P values are given as assessed by a Student’s t test
comparison with wild-type strains. NS, not significant. (C) HeLa::DC-SIGN and HeLa cells were
infected with 45 kDa- or 19 kDa-protein-expressing recombinant M. smegmatis (MS) or the
wild-type strain. Bacterial binding was evaluated as described in Figure 1. Data are expressed
as described in Figure 1 and represent the means (+−S.D.) for three independent experiments.
P values are given as assessed by a Student’s t test comparison with the wild-type strain. NS,
not significant.

ManLAM was initially proposed as a possible DC-SIGN ligand
within the M. tuberculosis cell envelope because: (i) it could bind
to DC-SIGN-Fc chimeras in solution [12], (ii) it could inhibit
M. tuberculosis and M. bovis BCG binding to DC-SIGN-express-
ing recombinant cells [5], (iii) removal of the mannose caps on
ManLAM abrogated the inhibitory effect of the molecule [10],
(iv) synthetic mannose caps can bind to DC-SIGN–Fc chimaeras
in solution [11], and (v) fast growers, such as M. smegmatis,
hardly bound to the lectin, and PILAM isolated from this
species could not inhibit M. tuberculosis binding to DC-SIGN
[5,10,12]. Altogether, these results led us to propose that DC-
SIGN may discriminate between saprophytic fast-growing and
pathogenic or potentially pathogenic slow-growing M. species
through the selective recognition of mannose caps on LAMs
[10,32,33]. Nevertheless, to formally demonstrate that ManLAM
indeed constitutes a DC-SIGN ligand within the M. tuberculosis
envelope, LAM-deficient strains would be required. Unfortu-
nately, such strains are not yet available, since mycobacterial lipo-
glycan biosynthesis pathways remain largely unknown and since
the arabinan domain of LAM seems to be essential in M. tuber-
culosis (G. Stadthagen and M. Jackson, unpublished work).

The results reported here strongly challenge our first hypothesis,
as other slow-growing species out of the TB complex, namely
M. marinum, M. kansasii, M. avium, M. xenopi and M. gordonae
could not bind to DC-SIGN-expressing recombinant HeLa cells,
although fine analyses revealed that they contained ManLAM in
similar amounts and with chemical structures similar to those
of ManLAM from M. tuberculosis. We particularly focused our
structural analyses on the molecule moieties previously shown
to be required for ManLAM binding to the receptor, i.e. the
MPI anchor and the mannose caps [10,32,33]. All the LAMs
investigated showed an acylation pattern similar to that observed
in M. bovis BCG or M. tuberculosis ManLAMs, and possessed
a total number of caps, [mono-, (α1 → 2)-di- and (α1 → 2)-
tri-mannosyl units] that was at least as high as the one found
in M. tuberculosis ManLAM (Figure 2). Dimannoside units
were the most abundant motifs in M. tuberculosis and M. bovis
BCG ManLAMs, as previously reported [23,26], but this was
the case for M. avium and M. xenopi ManLAMs. However,
surprisingly, ManLAMs from the clinical isolates of M. kansasii
and M. marinum had the monomannoside motif as abundant
as, or more abundant than, in the latter case, the dimannoside
one, a structural feature only observed so far in ManLAM
from an ethambutol-resistant M. avium isolate [34]. The case of
M. marinum is of particular interest in this aspect, because this
species is thought to be the one phylogenetically closest to the TB
complex (Figure 1A). The crystal structure of the carbohydrate-
recognition domain of DC-SIGN bound to an oligosaccharide
showed that the interactions with the DC-SIGN Ca2+ site are
unusual because they involve an internal, rather than a terminal,
sugar [8]. Thus the length of the mannose cap chains might be a
key parameter determining ManLAM affinity for DC-SIGN. The
presence of the monomannoside units as the most abundant motifs
on M. marinum and M. kansasii ManLAMs could thus possibly
result in a weaker affinity of these ManLAMs for DC-SIGN as
compared with that of M. tuberculosis, which have dimannoside
units as the main capping motifs. However, such an explanation
would not be valid for M. avium and M. xenopi ManLAMs.
Finally we found that these slight structural differences among the
different ManLAMs had no effect on their ability to bind to DC-
SIGN. Indeed, as an additional proof of the high similarity among
ManLAMs from the various slow growers studied here, we have
shown that all molecules could inhibit M. tuberculosis binding
to DC-SIGN-expressing cells as efficiently as M. tuberculosis-
derived ManLAM did.
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In order to tentatively explain the selective ability of DC-
SIGN to recognize species of the TB complex, we have raised
several non-mutually exclusive hypotheses. We first proposed that
ManLAMs from non-TB slow growing mycobacteria might have
an altered structure precluding a high affinity for the receptor.
This explanation can now be excluded. We also hypothesized that
ManLAMs may be differentially exposed and thus differentially
accessible within the cell envelopes of the different species.
Using M. bovis BCG and M. xenopi as archetypes of slow-
growing mycobacteria able and unable respectively to bind to
DC-SIGN, we investigated this possibility by two complementary
approaches: (i) by comparison of ManLAM tagging after labelling
of the mycobacterial cell surface with biotin hydrazide following
periodate oxidation of the cells, and (ii) by comparison of cell-
surface labelling by the monoclonal CS-35 anti-LAM antibody.
The first approach indicated that both mycobacterial species
expressed ManLAM and LM at their cell surface. However, the
data obtained did not allow one to conclude that M. xenopi had
less ManLAM exposed than M. bovis BCG. The second approach
demonstrated that the hexa-arabinofuranosyl motifs of the arabi-
nan domain shared by both ManLAM and ManAM are signifi-
cantly less exposed at the surface of M. xenopi cells than at that of
M. bovis BCG. However, it seems unlikely that the 2–3-fold
decrease in ManLAM plus ManAM density at the surface of
M. xenopi we observed can alone explain the complete inability
of the bacterium to bind to DC-SIGN.

We finally investigated whether additional ligands may account
for the ability of DC-SIGN to recognize species of the TB com-
plex. We identified such possible ligands, namely LM, ManAM,
and the 19 and 45 kDa glycoproteins. However, LM and AM are
ubiquitously found, and in comparable amounts, in mycobacteria
and, to our present knowledge, these molecules share, for a given
species, the structure of the corresponding parts of LAM, i.e.
the lipomannan core and the polysaccharidic moiety respectively
[35–37]. Thus variations in the structure of these molecules or in
their amount are not likely to explain the inability of the cor-
responding species to bind to DC-SIGN. In contrast, 19 and
45 kDa glycoproteins are of particular interest. The 19 kDa anti-
gen from M. tuberculosis has been proposed to be mannosylated
on the basis of ConA (concanavalin A) binding experiments [38].
Binding of the protein to ConA has been shown to be mediated
by oligosaccharides that are O-linked to a cluster of threonine
residues (S6TTGSGETTTAAGTTASP23 in the mature lipopro-
tein) in the N-terminal part of the polypeptide, near the acylated
cysteine residue. In silico examination of the complete genomes
from other strains of the TB complex, namely M. bovis and
M. microti, revealed that this threonine cluster is fully conserved
across species. However, the cluster is not conserved, but replaced
by a serine cluster in 19 kDa homologues in M. avium (SAPSS-
SASSSSTSASA) and M. marinum (STTSGGESSSTGSTSAST).
Interestingly the serine cluster from the M. avium 19 kDa homo-
logue cannot bind to ConA in vitro, suggesting that the species
lacks serine glycosyltransferases and thus that 19 kDa homologue
is not O-glycosylated in M. avium [39]. The situation is still
unknown in M. marinum. If confirmed, such a differential glyco-
sylation pattern of the 19 kDa antigen among species may account,
at least in part, for the selective recognition of the TB complex
by DC-SIGN. However, the 19 kDa is likely not the only DC-
SIGN ligand within the M. tuberculosis cell wall, as a 19 kDa-null
mutant of M. tuberculosis could still bind to the lectin. Similarly
the Thr10, Thr18, Thr27 and Thr277 residues that are O-glycosylated
in the 45 kDa (Apa) antigen [40,41] are not conserved in the
M. avium and M. marinum Apa homologues, which again may
account for the selective recognition of the TB complex by DC-
SIGN. However, as for the 19 kDa antigen, two 45 kDa-null

mutants of M. tuberculosis could bind to DC-SIGN as well as
their wild-type counterpart did, indicating that Apa expression
alone is not sufficient to explain M. tuberculosis binding to the
lectin. This hypothesis is strengthened by the fact that 19- or
45-kDa-protein-expressing recombinant M. smegmatis did not
bind to DC-SIGN-expressing HeLa cells more efficiently than
their wild-type counterparts. However, it is noteworthy that the
cell envelope context in M. smegmatis is dramatically different
from that in M. tuberculosis. The construction of multiple knock-
outs might be useful in the future in investigating the co-operation
of several ligands in the binding of M. tuberculosis to DC-SIGN.

Altogether, our results seriously challenge current views on
mycobacteria recognition by DC-SIGN, as they strongly suggest
that DC-SIGN binding to M. tuberculosis and relatives of the TB
complex does not rely on the binding of ManLAM only, but rather
depends on the recognition of other ligands, possibly including
lipoglycans, glycans and glycoproteins, and eventually on their
differential accessibility within the mycobacterial cell envelope.
Although our present results raise more queries than they provide
answers, they likely uncover the genuine complexity of DC-
SIGN–mycobacteria interactions. Moreover, they also stress the
great care that has to be taken when making conclusions about
ligand specificity from experiments using purified molecules. This
is particularly true with M. tuberculosis, which has an envelope
exceptionally rich in glycoconjugates and, most particularly,
mannoconjugates. However, it can be extended to other microbes,
in the context of either DC-SIGN or other receptors. Indeed,
the demonstration that a purified molecule is able to (i) inhibit the
binding of a bacterium to a receptor or (ii) bind to the receptor
itself, is not necessarily predictive of the role of this compound
in the binding of the whole bacterium. Moreover, one cannot ex-
clude the possibility that purified molecules added in competition
assays may mask DC-SIGN epitopes on the surface of the bacterial
envelope. In addition, HeLa cells have been recently reported
to express low amounts of mannose-receptor mRNA, which, if
leading to expression of the mannose-receptor polypeptide and
binding of mannosylated molecules, may interfere with DC-SIGN
expression and/or conformation in the transfected HeLa cells we
used in our experiments [42]. To overcome such an eventual bias,
soluble molecules and genetically modified mycobacteria will
be assessed using purified recombinant DC-SIGN, knowing that
all the results obtained will have to be finally confirmed with
monocyte-derived dendritic cells.

Finally, the apparent restriction of mycobacteria recognition by
DC-SIGN to the M. tuberculosis complex is of interest on im-
munological and evolutionary perspectives. Indeed, it is tempting
to suggest that pathogenic mycobacteria have adapted to exploit
DC-SIGN to suppress host immunity [12,32,43,44], since it has
been shown that binding to DC-SIGN results in interleukin-
10 production by activated human dendritic cells in vitro [12].
However, this may well be in favour of the host, for instance to
limit inflammation-induced immunopathology [32,33]. Besides
the question of the nature of the DC-SIGN ligand(s) on the whole
bacterium, the ability of soluble molecules to bind DC-SIGN and
other receptors is still of interest, as it has been reported that
mycobacterial compounds, including ManLAM, are delivered
from infected macrophages to non-infected bystander dendritic
cells [24,28,45,46]. As such, these molecules may stimulate
bystander cells through DC-SIGN, even though they are not
ligands of the receptor within the whole bacterium, and this may
induce a variety of signalling events that have yet to be understood.
Future in vitro and in vivo studies should help to provide a better
understanding of the functional consequences of the interaction
of mycobacteria, as well as soluble secreted mycobacterial
compounds, with DC-SIGN and other innate immune receptors.
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